Evidence for an underlying trend in the dependence of erythema effective UV radiant exposure 8 (H er ) on changes in the total ozone, cloud cover and aerosol optical depth (AOD) have been 9 studied using solar ultraviolet radiation measurements collected over a 25 year period (1991-10 2015) at Chilton in the south of England in the UK. 11
Introduction 40
Ultraviolet (UV) radiation is only a small portion of the radiation we receive from the sun, but it 41 has become a topic of increasing concern because of the harmful health effects it can cause. 42
Stratospheric ozone is a naturally occurring gas that filters the sun's UV radiation. It absorbs 43 most of the shorter wavelength UV-B radiation, whereas longer wavelength UV-A radiation 44 mostly passes through the ozone layer and reaches the ground (WMO 2014). However, in the 45 mid-1970s it was discovered that the release of man-made chlorine-containing chemicals could 46 cause stratospheric ozone depletion. In subsequent years temporary ozone holes appeared 47 over the Antarctic and to lesser extent in the Arctic (Farman et al., 1985) . Stratospheric ozone 48 depletion was also detected over populated areas such as Australia, most notably in spring when 49 the ozone layer over Antarctica is dramatically thinned (Gies et al., 2013) . Since the late 1970s, 50 the effects of ozone depletion on UV radiation have been the subject of a large number of studies 51 published in the literature. These studies have demonstrated that the ozone level decreased up 52 to the mid-1990s, resulting in an increase in the amount of UV radiation reaching the Earth's 53 surface (WHO 2006) . Concern was raised that in the long-term ozone depletion would result in 54 significantly increased UVR which in turn may result in increased incidences of skin cancers, 55 particularly melanoma. An increase in UVR may also cause other negative health impacts, such 56 as sunburn, ocular pathologies, premature skin aging and a weakened immune system (UNEP 57 The Montreal Protocol came into effect in 1989, banning multiple substances responsible for 62 ozone depletion. From 1997 to the mid-2000s it became apparent that a decline in total column 63 ozone (TO) had stopped at almost all non-polar latitudes (WMO, 2007) . However, the pace of 64 the recovery is affected by changes in temperatures, circulation, and the nitrogen and hydrogen 65 ozone-loss cycles (Waugh et al., 2009 ). The ozone level has remained relatively unchanged 66 since 2000 with most studies reporting a plateau or a limited increase in total ozone (WMO 67 2014). 68
The most important factor affecting UV radiation at the earth's surface is the elevation of the sun 69 in the sky -this causes terrestrial UVR to vary with time of day, day of the year and with 70 geographical location (Diffey, 2002) . Aside from solar elevation, the most significant factors 71 affecting solar UV radiation are stratospheric ozone and cloud cover (CC). A number of other 72 factors also affect UV, including aerosol optical depth (AOD), other aerosol optical parameters, 73 albedo and changes in other trace gases; climate change influences many of these factors (Bais 74 et al., 2011) . These factors often interact with each other in a complex way making their effect on 75 terrestrial UV hard to quantify. 76
The effects of TO, clouds and aerosols on surface UV irradiance have been studied widely in 77
Europe (Román et considered various empirical models, as well as different reconstructed models including neural 80 network techniques and radiative transfer modelling combined with empirical relationships in 81 various locations in Europe. The majority of these studies demonstrated that increased in 82 surface UV radiation observed were attributed to changing in weather conditions and aerosol 83 levels rather than the changes in ozone that revealed significant increase during their study 84 periods. In contrast, the Belgian study reported the strong impact of TO, while the individual 85 contribution of AOD to the non-significant negative trend of erythema UV dose was very low (De 86 Bock et al., 2014) . Nevertheless, the influence of the aerosols on UV irradiance is still not been 87 fully understood due to high spatial and temporal variability (WMO 2007) . 88 89 In 1990, due to the concern that the depletion of the ozone layer would cause an increase in 90 population UV exposure and possible impacts on human health, the former National Radiological 91
Protection Board (NRPB -now part of Public Health England, PHE) set up monitoring stations at 92 three locations in the UK to measure terrestrial solar UV (HPA 2012 Measurements were unavailable for only 3% of the days over the whole study period. For the 117 modelling undertaken here these were considered as missing data, while in our previous study, 118 they were substituted with the average value for each day over the entire period (Hooke et al., 119 2017). 120 121
The broadband detectors measuring erythema effective UV radiation were calibrated annually 122 using a co-located double-grating spectroradiometer. This spectroradiometer was calibrated and 123 traceable to national standards. The daily radiant exposure for 22 clear days during October between 2003 and 2015 have been compared to the daily radiant exposure from the 125 double-grating spectroradiometer. Data from the broadband detectors was found to be within 126 10% of the spectroradiometer data on all these days (Hooke, 2017 TO values is presented in box plots for the period 1991-2015 for each season (Fig. 3a) . The 308 mean value is shown with a grey dashed line and the bold line at 300 DU shows the average 309 amount of TO in the atmosphere (http://ozonewatch.gsfc.nasa.gov). Both graphs show a large 310 spread of TO measurements. The data appear to be varying year to year and there is a much 311 larger spread of TO values in winter and spring compared to summer and autumn. Due to 312 natural variability of the TO data, the extreme data points are not likely to be erroneous readings 313 and so they were not excluded from the analysis. In general the TO values were low in autumn 314
and early winter with a few exceptional cases in March, April and August. Similarly, the 315 maximum TO values were mostly found in late winter and in early spring (Fig. 3b) . In The significantly increasing linear trend in TO of 0. A statistically significant inverse relationship was found between TO and H er (p<0.001). The RAF 646 due to TO suggested a 1% increase in TO was associated with a 1.3% decrease in H er for the 647 period 1991-2015, in good agreement with studies from the USA (RAF = -1.1, Hall 2017) and 648
Spain (RAF = -1.3 to -1.4, Antón et al. 2009 ). However, the variability in H er due to the TO was 649 weak (25%). This is not surprising as the amount of UV radiation reaching the Earth's surface 650 depends on a number of factors such as CC, atmospheric aerosols, air pollution as well as other 651 climate factors, not solely on TO (Calbó et al., 2005) . 652
We found an increasing tendency trend of 0.16% y -1 (p=0.09) and 0.22% y -1 (p=0.05) in TO for 653 both periods 1991-2004 and 2004-2015 . The association between H er and TO was found to be 654 statistically significant for both periods; the RAF value showed that a 1% increase in TO was 655 associated with a -1.2% and -1.5% decrease in H er for the two periods respectively. The Examining our data on a season by season basis over the whole period from 1991 to 2015, we 671 found a highly negative slope estimate for each season between TO and H er . The RAF varied 672 from -0.94 in winter to -2.37 in summer. However, there were some differences in the amount of 673 H er variation that was explained by TO across the seasons. In spring and summer the variability 674 explained was moderate at 41% and 34% respectively, but in winter and autumn it was 675 considerably lower at 19% and 21%. 676 677
Over the first period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) ) the RAF ranged from -0.54 for winter and -2.47 for summer. 678
The greatest impact of TO on H er was seen in spring (37%) and summer (42%), but for the 679 second period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , the impact was bigger in winter (52%) and spring (48%) than in 680 summer (24%) and autumn (17%). This was mainly due to the strong inverse relationship 681 between H er and TO that was observed during spring and winter in the period 2008-2015 (63% 682 and 56%), while most TO values were higher and remained stable for the same period (Fig.4) . 
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